We studied the thermodynamic isotope effects (TIEs) and kinetic isotope effects (KIEs) for H 2 /D 2 dissociative adsorption using periodic, density functional theory (DFT) -based calculations. We examined the TIEs on the close-packed, open, and stepped surfaces, of twelve transition metals (Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Re, Ir, Pt, and Au), and the KIEs on the surfaces of three noble metals (Cu, Ag, and Au). Both TIEs and KIEs were evaluated at 1/9 ML coverage. We find distinct TIEs on different adsorption sites, indicating that TIEs could be used in conjunction with binding energies to determine the dominant adsorption sites for hydrogen.
Introduction
Hydrogen/Deuterium (H/D) isotope effects are very useful for probing the mechanisms of chemical reactions involving H atoms in their elementary steps -for example, CO hydrogenation and methane reforming, [1] [2] [3] [4] [5] [6] [7] alkene and arene hydrogenation, [8] [9] [10] [11] [12] [13] [14] and other hydrogen transfer reactions. [15] [16] [17] Previously, we studied H 2 /D 2 isotope effects in Fischer-Tropsch synthesis on Fe(110) and Co(0001) at high CO coverages. 1 Experimentally, inverse kinetic isotope effects (KIEs) (r H /r D < 1, where r X refers to the rate of reaction using isotope X) were observed. From a combination of experiment and density functional theory (DFT) -based calculations, we were able to deduce that these inverse KIEs were due to a convolution of the isotope effects experienced by the quasi-equilibrated steps before the rate determining steps (RDSs). 1 From these results, we were also able to confirm the prevalence of H-assisted CO dissociation routes on both Fe and Co catalysts for Fisher-Tropsch synthesis, demonstrating that theoretically calculated isotope effects based on DFT can be useful for probing mechanistic pathways. 1 As highlighted above, and depending on the reaction mechanism and the location of the RDSs along the reaction pathway, experimentally observed KIEs may be an aggregate effect of the TIEs and KIEs of several elementary steps. 1, 18 It is thus often premature to make unequivocal mechanistic conclusions based solely on the overall observed KIE. Thorough knowledge about the magnitudes and nature (whether inverse or normal) of the KIEs and TIEs for each proposed elementary step in the mechanism is vital.
Compared to the abundance of experimental literature on H/D isotope effects, theoretical studies are relatively scarce. Here, using DFT-based calculations, we study the TIEs of H 2 /D 2 dissociative adsorption on transition metal surfaces, a critical process for generating atomic H for other chemical reactions. We systematically go through different possible adsorption sites (which present different binding energies and vibrational modes) for atomic H/D, and calculate the expected TIEs assuming adsorption on these sites. Based on the energetic stability of these sites for adsorption of H/D, we can then predict the TIEs that would be experimentally observed if H 2 /D 2 dissociative adsorption were to be studied on a particular transition metal surface.
In total, 28 different transition metal surfaces, comprising 12 close-packed surfaces (fcc(111), hcp(0001), and bcc (110)), 8 open fcc(100) surfaces, and 8 stepped fcc(211) surfaces, are studied.
We further examine the kinetic isotope effects (KIEs) of H 2 /D 2 dissociative adsorption on the (111), (100) , and (211) surfaces of 3 noble metals (Cu, Ag, and Au), where dissociation is activated. Importantly, we also study the temperature dependence of TIEs and KIEs on these metal surfaces.
Computational Methods
All calculations were performed using the Vienna ab-initio Simulation Package (VASP). 19, 20 Projector augmented-wave (PAW) pseudopotentials 21, 22 were used to describe the nuclei and core electrons, while the wavefunctions of the valence electrons were expanded using plane waves with an energy cutoff of 400 eV. Exchange-correlation contributions to the potential and total energy were included using the generalized gradient approximation of Perdew and Wang (GGA-PW91). 23 To assess the dependence of the results on the functional used, we performed trial calculations with the PBE+D3, 24 and optb88-vdW functionals 25, 26 on Ru, Pt, and Ir. A maximum spread of 0.02 in the TIEs of H 2 dissociation was observed. Therefore, the PW91 functional was deemed adequate for this work. Recent studies on the accuracy of different functionals for bulk properties of transition metal systems, such as lattice constants and surface energies, also show that PW91 is among one of the most accurate functionals available for these properties, [27] [28] [29] providing further support for our choice of functional.
The close-packed surfaces (fcc(111), hcp(0001), and bcc (110) Successive slabs were separated by a vacuum region of ~12 Å in the z-direction. Adsorption was allowed on only one of the two exposed metal surfaces, with the electrostatic potential adjusted accordingly. 31, 32 Convergence with respect to various computational parameters was verified. All structures were fully relaxed until the Hellmann-Feynman forces acting on the atoms were smaller than 0.02 eV / Å. For Co, Ni, and Fe surfaces, spin-polarized calculations were performed.
Minimum energy paths and activation energy barriers were calculated using the climbing image nudged elastic band (CI-NEB) method. 33 The transition state for each path was confirmed by a single imaginary frequency in the vibrational frequency calculations. Vibrational frequencies were calculated by numerical differentiation of the forces using a second-order finite difference approach with a step size of 0.015 Å. The frequencies were converged with respect to the step size. The Hessian matrix was mass-weighted and diagonalized to yield the normal mode frequencies.
The ZPE correction was calculated according to Equation (1),
where h is the Planck constant, c the speed of light, and λ i the wavelength corresponding to the ith vibrational mode.
The vibrational entropy S vib was calculated assuming that each mode behaves as a harmonic oscillator, as shown in Equation (2),
6 i where
, R is the ideal gas constant, k B the Boltzmann constant, and T the reaction temperature.
We note that the harmonic oscillator approximation may not be valid under all conditions. The small mass of H, when coupled with flat potential energy surfaces (PESs), promotes quantum delocalization of H parallel to the surface. 34 On Ni(111), Christmann et al. noted that since the thermal de Broglie wavelength for H of 1 Å was in the order of magnitude of the Ni-Ni separation, the states of motion parallel to the surface might be better described by an extended atomic band structure of Bloch waves created by the diffraction of H off the lattice. 35 This was also observed on Rh(111), where using high resolution electron energy loss spectroscopy (HREELS), Somorjai et al. noticed quantum delocalization of H in directions parallel to the surface. 36 In these cases only motion perpendicular to the surface should be approximated as a harmonic oscillator.
The harmonic oscillator approximation may also fail when the thermal energy kT, where k is the Boltzmann constant, is greater than the barrier for diffusion of H, in which case the adsorption of H is better described as a 2D gas. 37, 38 Small vibrational frequencies, for example, for H adsorbed at certain top sites, combined with high temperatures, may thus lead to larger errors from the harmonic oscillator approximation. However, we note here that most of the frequencies we have calculated are large (> 250 cm -1 ) and for these cases the harmonic oscillator approximation should be reasonably accurate.
Additionally, quantum tunneling of H has been shown to affect rates of many reactions, including hydrogen dissociation. [39] [40] [41] However, these effects would be significant only at low temperatures.
The entropy of a gas phase molecule consists of vibrational, three-dimensional (3D) translational, and rotational contributions. The vibrational entropy was calculated using Equation (2) , while the 3D translational and rotational contributions to the total entropy were obtained with Equations (3) and (4), respectively,
where m is the molecular mass, P the pressure, I max the principal moment of inertia, and s number the symmetry number of the molecule (2 for H 2 and D 2 ).
The thermodynamic isotope effect (TIE) for H 2 /D 2 dissociative adsorption was calculated with
Equations (5) and (6),
where K eq is the equilibrium constant, ∆H is the reaction enthalpy, and TIE ZPE / TIE S are the ZPE and entropic contributions to the TIE respectively. Initial state (gas phase H 2 /D 2 ) and final state (adsorbed H/D) terms are denoted by the superscripts IS and FS respectively. The final state with 2 adsorbed H/D is assumed to be at infinite separation. As done in our previous work, we consider finite temperature corrections to the enthalpy as negligible. 1 The kinetic isotope effect (KIE) for H 2 /D 2 dissociative adsorption was calculated similarly with Equation (7),
where k is the rate constant, and KIE ZPE / KIE S are the ZPE and entropic contributions to the kinetic isotope effect, respectively. The superscript TS denotes a transition state. Similar to the calculations of the TIE, we have neglected finite temperature corrections to the enthalpy.
Results and Discussion
This section is organized as follows: we will first present thermodynamic isotope effects (TIEs) As shown in Table 1 , H generally prefers to bind at highly coordinated fcc and hcp sites; these sites are almost isoenergetic on all metals. There is however a slight preference for fcc sites, in good agreement with results reported previously. [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] Ir (111) 
B. TIEs on open fcc(100) surfaces
To study the structure sensitivity of H 2 /D 2 dissociative adsorption TIEs, we calculated TIEs on the fcc (100) contributions, are given in Table 2 . 
C. TIEs on stepped fcc(211) surfaces
The step edges of metal nanoparticle catalysts may play a major role in H 2 dissociative adsorption, as H tends to bind more strongly on these under-coordinated sites. To examine the effect of steps on the TIEs of H 2 /D 2 dissociative adsorption, we studied the fcc(211) surfaces of 8 transition metals. Fifteen different high symmetry adsorption sites were considered, as illustrated in Figure 1 (e). Summarized in Table 3 On the stepped surfaces studied, the binding energy of H ranges from -3.06 eV (hollow_a2 site of Ir(211)) to -1.86 eV (top_c site of Au(211)). Our results are in good agreement with previous DFT studies. [88] [89] [90] On Pt(211) and Au(211), bridge_a, which lies on the step edge, is the most stable adsorption site, while on other (211) metal surfaces studied, hollow sites near the step edge are most energetically favorable. Similar to the (100) surfaces, top sites are the least favorable sites on all of the studied (211) surfaces.
Similar to the (111) and (100) A comparison of results on all three surface types reveals some interesting observations regarding the structure sensitivity of the reaction energetics, as well as of the TIEs. On Rh and Ni, the B.E.s of H on the three different surfaces studied are all very similar, indicating that dissociative adsorption of H 2 is probably insensitive to the surface structure of Rh and Ni, in agreement with existing literature. 73, 89 In contrast, the B.E. of H on Ir(211) is about 0.3 eV higher in magnitude than that on Ir(111). Pt(100), Ag(211), and Au(211) also bind H stronger by 0.1 -0.2 eV compared to Pt(111), Ag(100), and Au(111). Judging from these thermodynamics alone, dissociative adsorption of H 2 on Ir, Pt, Ag, and Au, is probably structure sensitive. In fact, we confirm that H 2 dissociative adsorption on Au is structure sensitive in the next section where we have calculated the transition states for this reaction.
Interestingly, the TIE values for the most stable sites on the (111) and (211) surfaces are all below unity. However, on the (100) surfaces, the most stable sites, which are commonly hollow sites, exhibit TIEs greater than unity. For example, the calculated TIEs on Ni (111), (100) dissociative adsorption on a catalyst of unknown morphology, we can draw several preliminary conclusions. Firstly, it is likely that there is a significant proportion of (100) facets. Secondly, H is bound on the hollow sites of these (100) facets. Lastly, if diffusion is not facile, we might also conclude that dissociative adsorption occurs on the (100) facets (as opposed to on other facets, with the H eventually diffusing to and adsorbing on the hollow sites). However, in order to determine conclusively if the dissociation event actually occurs on the (100) facets, KIE measurements would be necessary.
This would not work well for metals which do not bind H on (100) 
D. KIEs on noble metal (Cu, Ag and Au) surfaces
In addition to the TIEs, we have also studied the kinetic isotope effects (KIEs) for H 2 /D 2 dissociative adsorption on three different surfaces of three noble metals, Cu, Ag, and Au, on which the dissociation process has been found to be highly activated. 91, 92 Figure 2 shows the transition state (TS) geometries, while Table 4 summarizes the activation energy barriers (E a ), zero-point energy corrected activation barriers (E a + ZPE), TS frequencies (ν), zero-point energies (ZPE), entropies (S), and the calculated KIEs, including their breakdown into ZPE and entropic contributions, on the surfaces of the three metals considered. On all surfaces of Cu, Ag, and Au, normal KIEs (> 1) are observed, indicating that the reaction rate constants for dissociation of H 2 (g) are larger than that of D 2 (g) under the studied conditions. Decomposing the KIE into its entropic and ZPE components, we note that the entropic contributions are much larger than unity for all surfaces. This is attributed to reasons similar to those noted for the TIEs on the (111) and (211) surfaces, namely the smaller difference in entropies in the TS (in the case of the TIEs, the final state (FS)) as compared to the gas phase.
Except for Cu(211) and Au(211), the ZPE contributions are also larger than unity. This is a classic primary KIE: as the ZPE differences between the TSs are smaller compared to the ZPE differences between the ISs, the ZPE-corrected activation energies for H 2 (g) are lower than those for D 2 (g). On Cu(211) and Au(211), we trace the inverse ZPE contributions back to stiff vibrational modes (~1600-1900 cm -1 ) perpendicular to the surface, which gives rise to a larger ZPE difference in the TS compared to the IS.
We now compare the structure sensitivity of H 2 /D 2 dissociative adsorption in terms of reaction rates, versus the structure sensitivity of the reaction in terms of KIEs. On Ag, this reaction might traditionally be considered structure insensitive because there is essentially no difference in E a for all three surfaces; see Table 4 . The KIEs however, do exhibit structure sensitivity; the KIEs Figures S1-3 for the close-packed surfaces, Figures S4-6 for the open surfaces, and Figures S7-16 for the stepped surfaces. Figure   6 shows the Arrhenius plot for the KIEs on different surfaces of the 3 noble metals, for the same temperature range. The slope of the Arrhenius plots varies for different sites due to the varying ZPE and entropic contributions, and the effect of temperature on each of these quantities.
From equations (6) and (7), the ZPE contribution decreases with decreasing temperature as it is proportional to exp (− ଵ ), and there is no temperature dependence in the
The entropic contribution however, as shown in equation (2) Of the two contributions, the entropic contribution is found to be dominant for both TIEs and KIEs, leading to an observed overall increase in TIEs and KIEs with decreasing temperature. For example, for the Pt(111) fcc site, the ZPE contribution to the TIE decreases from 0.90 at 673 K to 0.87 at 523 K (~3 % decrease), while the entropic contribution increases from 0.98 to 1.15 (~17 % increase).
A notable exception is the top site of Pt(111) (and also the top site of Ir(111), see Figure S1 )
which the TIE decrease with decreasing temperature. This is because the small ZPE contributions (~0.5-0.6) to the TIEs on these sites increase relatively rapidly with increasing temperature compared the ZPE contributions of other sites. This allows the ZPE contributions to dominate the trend for these two top sites.
Additionally, we observe that the differences in TIEs among the different site types grow larger as temperature decreases. From example, on Ag(211), the difference in the TIEs of different site types increases from ~0.15 at high temperatures to ~0.25 at lower temperatures. Measurements of TIEs that are done at lower temperatures could thus be more effective at differentiating between different site types, although caution should be taken to ensure that the system is not kinetically trapped at these lower temperatures (i.e. the most thermodymically favorable sites are not kinetically accessible).
The same trend of increasing KIE difference with lower temperatures is also observed for the different noble metal surfaces. To identify the most active site for the reaction, KIEs should thus be ideally measured at lower temperatures, since in this way contributions from other less active sites are minimized, while the KIE difference is maximized. 
Conclusions
In summary, using planewave DFT-based calculations, we have systematically studied H 2 /D 2 dissociative adsorption on 28 surfaces of 12 different transition metals at the low coverage limit
(1/9 ML). We note that one must also consider the relevant coverages involved in a reaction system when making direct comparisons with our calculated values; higher coverages of H under realistic reaction conditions may result in shifts in the TIEs and KIEs. Bearing this in mind, the calculated TIEs and KIEs can be very useful for probing reaction mechanisms involving hydrogen bond-making/breaking.
We showed that TIEs may be used to determine the site preference of H 2 dissociative adsorption by helping us discriminate between two energetically competitive sites. On close-packed as well as fcc (211) surfaces, the four-fold hollow sites, which are often the most preferred binding sites, all have TIEs larger than unity. These large differences in TIEs between the most stable sites of various surface structures can thus be used as a tool, complementary to other experimental and computational approaches, in order to characterize transition metal catalysts and elucidate the dominant facets and site types present on them.
Furthermore, KIEs can therefore be used to identify the active sites for H 2 /D 2 dissociative adsorption on different transition metal surfaces. In terms of activation energies, H 2 dissociation is structure sensitive on Au, while it is structure insensitive on Cu and Ag. However, for all three metals, there are notable differences in the KIEs for different surfaces, indicating that the reaction is structure sensitive in terms of its KIEs.
Lastly, the temperature dependence of TIEs and KIEs was analyzed and was found to increase with decreasing temperature for most site types and surfaces considered, showing that experimental measurements of TIEs and KIEs should be done at low temperatures to maximize the signal-to-noise ratio of the measurements.
Our study provides a systematic DFT database on TIEs and KIEs for H 2 /D 2 dissociative adsorption on various transition metal surfaces, which we hope will spur on further research into the multitude of uses that TIEs and KIEs possess.
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